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Summary 

This  report  describes  further  work  on  the  charge  transport  in 
insulating  solids,  .As  in  the  earlier  experiments;  (F,T,R,1.),  fast  pulse 
methods  have  been  used  to  study  the  drift  mobility  of  generated  carriers. 

In  part  A  of  the  report  a  number  of  improvements  in  the  experimental  method 
are  described.  For  measurements  involving  transit  times  of  A-0  nsec  or 
less  it  was  found  essential  to  shorten  the  duration  of  the  oxoitation 
pulses.  Details  of  an  electron  pulse  generator  are  given  which  provides 
pulse  length  from  5  to  500  nsec  with  rise  times  of  less  than  1  nsec.  A 
further  improvement  is  the  use  of  a  compact  low  capacity  gating  unit  which 
employs  a  polarised  mercury  wetted  switch.  Field,  pulses  of  up  to  1800  V 
car.  now  bo  applied  to  the  specimen  without  affecting  the  amplifier  performance. 
Another  application  of  a  mercury  relay  is  the  field  pulse  generator  producing 
fast  rising  voltage  pulses  of  up  to  t  1800  V.  Finally  a  miniature  optical 
lever  arrangement  is  described  which  was  found  useful  for  the  measurement 
of  crystal  thickness  between  the  electrodes. 

Part  B  deals  'with  the  investigation  of  carrier  mobility  and  charge 

transport  in  monoclinic  Se  crystals  which  consist  of  a  lattice  of  puckered 

Seg  rings.  As  similar  experiments  have  been  carried  out  on  the  vitreous 

form  (chain  molecules)  a  comparison  of  the  charge  transport  in  these  two 

structures  can  be  made.  iionoolinic,  crystals  were  grown  from  solution  by 

a  circulation  method  which  is  briefly  described.  At  room  temperature 

2-1-1 

the  electron  mobility  was  found  to  be  2  cm'V  sec  .  At  tenperaturos  above 
0°C,  OC  '  for  all  specimens.  With  decreasing  T  a  sharp 

transition  takes  place  from  the  lattice  mobility  to  a  charge  transport 
controlled  by  a  level  of  states  £  =0.25  ev  below  the  conduction,  band. 

A  comparison  of  experimental  and  calculated  JJ  vs.  T.  curves  leads  to 
a  density  of  centres  of  about  10  ^cm  .  The  same  value  of  €.  vms 
found  in  experiments  on  vitreous  Se  suggesting  that  this  type  of  centre  is 
common  to  both  forms.  The  hole  nobility  in  monoclinic  Se  is  found  to  be 
trap  controlled  throughout  the  temperature  range  investigated. 

In  part  C  the  recent  work  on  CdS  crystals  is  discussed,  A  series 
of  initial  experiments  have  been  carried  rut  to  investigate  the  effect  of 
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1 .  Introduction, 

As  the  principle  of  the  experimental  method  used  in  this  investigation 

1  2 

has  been  described  previously  in  some  detail  '  only  a  brief  outline 
of  the  method  7ri.ll  be  given  here, 

A  fast  pulse  of  eleotrons  having  energies  up  to  k.0  kev  enters  the 
tepeeleetrode  of  the  specimen  under  investigation  and  generates  elootron- 
hole  pairs  to  rrithin  a  depth  of  a  few  miorons  below  the  top  oleotrodo. 

About  2  mseo  before  the  arrival  ctf  the  excitation  pulse  a  pulsed  eleetrio 
field  is  applied  aoross  the  specimen  for  a  few  milliscoonds  and,  depending 
on  its  polarity,  either  eleotrons  or  holes  are  drawn  out  of  the  surface 
region  and  drift  aoross  the  ape ''■’men,  The  ohargo  displacement  is 

integrated  and  displayed  on  wid.  band  eleotronio  equipment. 

In  most  of  the  experiments  described  in  parts  B  and  C  the  transit 
time  of  the  carriers  has  been  measured  as  a  function  of  the  appllod  flol'~ 
leading  to  a  value  for  the  drift  mobility.  This  is  generally  studied 
as  a  function  of  tenporature  and  has  led  to  interesting  conclusions  about 
the  nature  end  mechanism  of  the  carrier  transport.  In  somo  experiments^ 
the  number  of  oharge  carriers  crossing  the  specimen  has  boon  investigated 
as  a  function  of  tho  applied  field  and  the  numbor  and  onorgy  of  the 
incident  electrons,  Suoh  experiments  can  give  information  on  tho 
recombination  process  in  tho  excited  volume  and  allow  an  estimate  to  bo 
made  of  tho  average  energy  required  to  generate  an  cloctron-holo  part 
by  fast  eleotrons. 

For  the  interpretation  of  the  experimental  results  and  for  the  observation 
of  well  defined  transit  times  -it  is  essential  to  prevent  the  grsrt”*!. 
build-up  of  an  internal  space  ohargo  which  is  likely  to  lead  to  a  hifWy 
non-unifora  internal  field.  Suoh  off  acts  arc  most  likely  oonnootod  with 
the  gradual  filling  up  of  deeper  trapping  contros  possessing  thermal 
release  times  for  longer  than  the  time  between  excitation  pulses. 

The  most  effective  precaution  to  reducing  the  effects  of  deep  trapping 
consists  in  keeping  the  number  of  generated  carrioro  per  pul bo  as  lew  as 


v^. 


Is  compatible  with  the  sensitivity  of  the  amplifying  equipment.  A  second 
important  precaution  lies  in  the  use  of  a  pulsed  applied  field,  This 
appears  to  reduoe  considerably  the  injection  of  additional  carriers  from 
the  electrodes  which,  undor  steady  dield  conditions ,  would  load  to  a  far 
higher  occupation  of  the  deep  centres. 


2,  Design  of  nsec  Electron  Pulse  Generator, 

The  experimental  determination  of  the  oarrier  mobilities  is  baaed  on 
the  assumption  that  the  excitation  pulse  is  of  much  shorter  duration  than 
the  transit  time.  As  the  work  described  in  this  report  involved  transit 
times  as  low  as  40  nseo  a  considerable  improvement  in  tho  performance  of 
the  eleotron  pulse  generator  seamed  essential, 

Figure  ia  shows  the  new  unit^.  It  consists  essentially  of  the 
tetrode  eleotron  gun  G  which  is  modulated  by  a  fast  voltage  pulse  generator. 
The  latter  employs  the  well  known  technique  in  which  an  open  ended  delay 
line  DL  is  discharged  by  a  fast  switching  devioe.  For  this,  and  the 
applications  described  in  section  4  and  5,  meroury  wotted  contact  relays^ 
have  been  found  very  suitable.  Although  their  application  is  limited  to 
cases  in  whioh  low  repetition  rates  and  fluctuations  in  the  time  interval 
between  successive  operations  can  be  tolerated,  tho  attraction  of  these 
relays  lies  in  their  comparative  simplicity  and  in  the  case  with  which 
extremely  fast  rising  pulses  oan  be  obtained. 

As  shewn  in  figure  la  the  voltage  pulse  generator  is  constructed  from 
two  pieces  of  brass  tubing  (0375"  I»D,) ,  hard  soldered  together  to  form 
a  T-piece,  The  vortical  part  houses  the  polarised  morcury  switch  oapsulc 
MS  and  carries  at  its  upper  end  a  75  type  BNC  sickot  for  connection  to 
the  delay  line.  The  horizontal  tube  carries  two  BBC  pulse  output  sockets, 
Seleoted  £  W  composite  carbon  resistors  (25  A.)  are  incorporated  in  each 
section  of  ttie  inner  conductor  ( 0»  1 1 0" )  to  give  the  correct  output  impedance. 
The  dimensions  have  been  chosen  to  provide  as  far  as  possible  a  75  ,CC_  matoh 
throughout  the  generator. 

The  normally  open  relay  contact  carries  a  small  steel  socket  H  which , 
together  with  the  permanent  magnet  M,  provides  the  necessary  polaristion 


y  ... 

(see  also  fiigure  2),  The  switching  solenoid  S  consists  of  5000  turns  of 
38  S,W,G,  wire  end  requires  an  operating  current  of  3  -  4  m,a,  The 
delay  line  is  charged  to  the  required  potential  through  the  50  K  £i-  resistor 
mounted  in  a  screened  side  tube  oloso  to  the  delay  line  socket,  For  the 
normal,  type  of  co-axial  oable  with  polyethylene  insluation  (  £  c  2»3) ,  the 
duration  of  the  voltage  pulse  is  very  nearly  10  siseo  for  oaoh  metre  of  open 
ended  delay  line. 

The  inner  oonduotor  of  the  oonnooting  line  GL  enters  the  demountable 
elootron  gun  through  a  jf,ass-metal  seal  olose  to  the  oontrol  grid  aperature  0, 
The  line  is  terminated  at  the  *.  .erturo  by  a  75  xhoarbon  resistor.  The 
hairpin  filament  F  is  spot  welded  to  tungsten  supports  sealed  into  the 
glass  tube  G,  0-ring  seals  allow  both  laternal  and  vertical  adjustment 
of  the  filament  with  respeot  to  the  grid  aperture  under  running  conditions. 
The  emission  is  biased  off  by  a  positive  potential  of  20-30V  applied  to  F. 

The  magnitude  of  the  beam  current  which  flows  for  the  duration  of  the 
positive  pulse  is  controlled  by  the  potentiometer  P.  Electrode  A  at 
+  300V  makes  the  beam  current  practically  independent  of  the  main  accelerating 
potential  (5~50kV)  whloh  is  applied  across  the  electrostatic  lens  L, 

As  both  the  gun  and  the  pulse  generator  are  kept  at  high  potential, 
the  relay  is  switched  through  a  coupling  condenser  and  a  small  amplifier. 

The  indicated  voltage  levels  refer  to  the  -  H,T,  lino,  A  rectified 
sinusoidal  voltage  is  applied  to  tho  earthy  side  of  the  condenser,  which 
oould  be  replaoed  with  advantage  by  a  simple  peaking  transformer,  preferably 
,ith  an  olootrostatio  screen.  The  resulting  electron  pulses,  displayed 
on  a  500Mc/sec  sampling  oscilloscope  possess  a  rise  time  of  less  then  1  nseo. 
The  unit  is  normally  run  at  a  pulse  repetition  frequency  of  50  or  100  boo"’1  . 

A  number  of  prepared  delay  lines  provide  pulse  lengths  from  5  to  500  nsec. 

If  an  external  trigger  signal  is  required  the  following  simple, 
but  not  altogether  satisfactory,  method  has  been  used,  A  few  turns  of 
wire  are  connected  in  scries  with  the  termination  T  of  the  sooona  pulse 
output,  Tho  signal  is  picked  up  at  the  low  potential  end  and  used  as  a 
trigger  after  amplification,  Howovor,  the  mismatch  introduced  by  the 
inductive  component  leads  to  a  deterioration  of  the  electron  pulso. 


3*  Specimen  Holder  and  Amplifying  System. 

The  modified  speoimon  holder  is  shown  in  figure  11,  The  electron 
beam,  focussed  to  a  oiroular  spot  of  2- 5mm  diamotor  enters  the  top  oleotrode 
of  the  specimen  S,  The  bottom  oleotrode  is  connected  to  a  cathode 
follower  OF  mountod  olose  to  it  to  reduce  the  input  capacity  as  far  as 
possible,  By  suitable  ohoico  of  R  the  input  time  constant  is  mado  much 
longer  than  the  transit  time  undor  investigation.  During  this  timo  the 
potential  across  R  is  therefore  proportional  to  the  total  charge  displacement 
of  the  drifting  carrier  cloud.  The  output  of  the  cathode  followor 
is  fed  into  Inyo  distributed  pre-amplifiers  connected  in  scries  (Hewlett- 
Packard,  type  460  AR,  bandwidth  12CMo/sec).  A  Tektronix  581  oscilloscope 
(bandwidth  lOCidc/sec)  is  used  to  diplay  the  signal.  The  system  possesses 
an  overall  rise  time  of  about  5  nsoc  and  with  the  normal  specimen  capacity 
1cm  of  vertical  deflection  represents  the  transit  cf  approximately  10^ 
charge  carriers.  The  chargo  sensitivity  is  determined  by  applying  a 
calibration  pulse  to  the  input  through  the  small  standard  condenser  C 
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The  top  electrode  os' ’  the  specimen  is  connected  to  a  pulse  generator 
whloh  provides  fieia  pulses  of  4  r.iaeo  duration  at  a  repetition  frequency 
of  50  soo"''  (saation  5).  The  phase  of  tho  flsld  pulse  with  rospeot  to 
the  electron  exaltation  pulso  can  bo  adjusted  by  moans  of  a  phase  shift 
network, 

o 

During  the  application  and  removal  of  the  applied  field  the  gating 
unit  &  (section  4)  shorts  out  the  resistor  R  to  prevent  paralysis  of  tho 
amplifying  system,  Phase  and  duration  of  tho  opon  gate  a an  bo  adjusted 
independently.  Normally  the  gate  opens  1  msec  bofore  tho  axoitation  pulso 
and  closes  1  mseo  after  it. 


4.  Sating  Unit. 


The  meroury  switoh  provides  a  simple  and  effective  answer  to  the 
problem  of  input  gating^ •  A  compaot  unit  used  wide  ly  in  the  present  work 

is  shown  in  figure  2,  With  the  relay  in  tho  'open1  position,  the  capacity 
of  the  unit  is  about  2pf  and  its  effect  on  the  input  oapaoity  is  normally 
negligible  , 


H 


f- 


i 

i 


t  <■  '  V."  ,  t 


J-X  snouia  do  noted  that  in  this  case  the  stool  socket  H  and  the 
polarising  magnet  M  are  placed  on  tho  side  of  tho  normal iy  closed  rolsy 
contact.  With  a  rectified  sinusoidal  potential  applied  to  the  solenoid 


the  open  gate  oould  he  varied  between  1  msec  and  5  a  boo  by  adjustment  of 
the  ourrent  or  the  magnet  position. 

It  was  found  possible  to  apply  voltage  pulses  of  up  to  +  1800V  aoroas 
tho  specimen  without  affecting  the  amplifier  performance.  The  switohing 
transients  produced  by  the  gate  wore  found  to  be  negligibly  small  even  at 
maximum  sensitivity.  This  may  bo  partly  duo  to  tho  limited  low  frequency 
response  of  the  amplifiers  and  the  small  specimen  capaoity. 


5,  Production  of  field  pulses. 

The  fiold  pulse  generator  described  in  F.T.R.  1  has  been  replaced  by 
the  muoh  simpler  unit  shown  schematically  in  figure  3,  It  employs  an 
unpolarised  mercury  switch  M  whioh  is  energised  from  tho  A,C.  mains  through 
a  phase  shift  network  and  a  half-  or  full-wave  rectifier  R  giving  repetition 
frequencies  of  50  or  100  sec  .  Tho  unit  has  beer,  usod  for  pulse  heights 
up  to  +  1300V  with  no  sign  of  deterioration  or  damage  to  the  rolay.  The 
voltage  source  has  been  built  up  of  small  size  90V  and  300V  layer  type 
batteries.  With  a  tapping  point  at  30V  and.  60V,  tho  complete  voltage 
range  could  bo  covered  in  30V  steps  by  the  use  of  3  selector  switches. 


During  switching  the  morcury  droplet  adheres  to  tho  armature  and  shorts 

out  contacts  1  and  2  for  a  fraction  of  a  msec.  Resistors  R.  and  R,.  are 

1  2 

therefore  necessary  to  limit  the  current  flow  from  the  voltage  source. 

With  R^  =  0,  Rg  =  4,7  ‘ 1  -■  the  pulse  rises  in  a  few  nsec,  but  the  falling 
edge  has  a  time  constant  of  about  70 >  see.  Oscillations  of  small  amplitude 


tenS.  to  occur  on  top  of  the  pulse  near  the  rising  edge.  These  are  draped 
out  with  R1  IK  which  leads  to  a  rise  time  of  lees  than  15  nsec. 


6.  Thickness  Measurement  of  CdS  crystal  Specimens. 

As  the  mobility  values  oaloulated  from  the  experimental  data  depend 
on  the  square  of  the  distance  between  the  electrodes  it  Is  essential  to 
determine  this  quantity  with  reasonable  accuracy.  It  wub  found  difficult 
to  do  this  particularly  with  small  fragile  crystals  whioh  woro  not  necessarily 
plane  parallel  over  the  complete  surface.  The  following  simple  method 
has  boon  found  extremely  useful  in  connection  with  CdS  crystals  and  is  shown 
in  figure  4.  It  consists  of  a  miniature  optioal  level  which  is  oasily 


made  from  the  well  balanced  moving  coil  system  of  a  D.C,  meter.  A  small 
mirror  M  is  stuck  to  tho  moving  coil,  and  reflects  the  image  of  a  horizontal 
wire  on  to  a  scale  at  a  distance  of  about  5  m.  The  vertical  part  of  tho 
lever,  L,  consists  of  a  small  steel  needle  onrefully  rounded  off  at  its 
lower  end.  The  arrangement  is  screwed  or.  to  tho  table  of  a  microscope, 
and  the  miorosoope  condenser  is  replaced  by  a  simlar  needle  L',  Tho 
crystal  C  rests  on  the  slide  traverwso  that  its  position  in  a  horizontal 


piano  oar.  bo  adjusted  with  respect  to  L  and  L' .  L  is  lor  .red  on  to  the 
crystal,  tho  coil  spring  of  the  meter  movement  applying  a  gentle  pressure. 

L'  is  moved  upwards  until  it  touches  the  crystal,  wl. ich  occurs  when  tho 
light  spot  begins  to  move  from  its  initial  position.  The  crystal  is 
removed  and  the  difference  in  reading  gives  the  local  thickness.  In  this 
way  the  electrode  region  is  tested  for  uniformity  and  tho  average  thickness 
over  the  bombarded  region  can  bo  obtained.  The  system  is  calibrated  with 
feeler  gauges  and  possesses  a  sensitivity  of  about  1 V  per  ram  of  scalo 
deflection. 

B.  Carrier  Mobility  md  ft-argo  Trnirjrort  in  Mc-).oolinic  Sc  Crystals. 

1.  Introduction, 

The  study  of  tho  electrical  properties  of  tho  So  allotropes  allows 
a  comparison  between  tho  cliargo  transport  in  a  chain  and  a  ring  structure 
of  tho  same  element.  In  contrast  to  the  hexagonal,  and  vitreous 
modifications  the  nonoolinic  form  of  S,;  consists  of  a  lattice  of  puckered 

So8  rings ,  .In  J  and  !/.  monoclinic  form  have  boon  distinguished 

(?) 

but  there  appears  to  bo  little  structural  difference  between  than  ' , 
Photoconductivity  in  those  crystals  was  first  investigated  by  Sudden  and 

/  O  \ 

Pohl'1  and  recently  a  detailed  investigation  of  the  optical  properties 

f  q\ 

has  been  carried  out  by  i5rossvrw/ ,  Virtually  nothing  is  known  about  the 
electrical  properties  of  nonoclinio  Sc. 

Tho  experimental  method  described  in  Part  A  01  this  report  has  been 
applied  to  a  detailed  investigation  of  tho  carrier  mobility  and  the  conduction 

mechanism  in  monoclinic  So  crystals.  Since  similar  experiments  have 

(-]  9) 

been  carried  out  on  the  vitreous  form  ’  '  which  consists  of  Sc  chain 
molecules,  a  comparison  of  tho  charge  transport  in  the  two  forms  can  be 
made. 

An  interesting  feature  of  tho  present  experiments  is  the  transition 
from  tile  lattice  mobility  to  a  charge  transport  controlled,  by  a  level  of 
discrete  states.  A  similar  behaviour  has  been  observed  by  Brown  and 
Kobfiyashi^^  in  AgCl  eryst  "s. 


2,  Specimen  Preparation, 

The  growing  of  crystals  of  sufficient  size  and  perfection  presents 

one  of  the  main  problems.  The  circulating  method  originally  used  by 
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Kyropoulos'  was  tried  under  various  experimental  conditions  but  the  crystals 
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were  Imperfect  and  too  small.  An  improved  method  due  to  Prosser 
which  is  shown  in  figure  5  led  to  far  better  results. 

The  solvent,  re-distillod  GS^,  is  boilod  in  a  flask  fitted  at  its 
side  v/ith  the  water-cooled  oiroulation  tube  C,  The  condensed  vapour  passes 
into  a  Soxhlet  Extractor  and  drips  through  the  filter  funnel  l1'  filled  v/ith 
precipitated  rod  So  powder.  The  saturated  solution  rises  in  the  tube  below 
F  and  eventually  overflows  into  the  flask.  In  this  way  the  Bolvont  is 
gradually  saturated  Y/ith  Se  and  rod  monoclinic  crystals  begin  to  form  in 
the  lov/er  part  of  the  circulation  tube.  The  advantage  over  the  '-yropcul  os 
method  lies  in  the  fact  that  the  solvent  remains  completely  free  from  small 
particles  of  Se  powder  v/hich  previously  appeared  to  form  nucleation  centres 
and  led  to  a  large  number  of  small  crystals, 

Vith  this  method  up  to  20  crystal  plates  40-70  11  thick*  ond  measuring 
2^-3mrn  across,  could  normally  bo  obtained  in  a  run  lasting  about  20  hours. 
Various  positions  of  the  cooling  jacket  around  the  circulation  tube  v/orc 
tried;  the  best  batch  of  crystals  was  obtained  when  the  cooling  v/as 
confined  to  the  vertical  part  of  the  circulation  tube.  An  X-ray  examination  * 
of  a  number  of  crystals  led  to  lattice  parameters  in  close  agreement  v/ith 
those  of  the  .X.  -monoclinic  form.  According  to  the  structure  determined 
by  Burbank'  the  (101)  plane  coincides  v/ith  the  surface  of  the  crystal 
plates;  the  average  planes  containing  the  puckered  So  rings  are  almost 
perpendicular  to  the  surface.  Microscopic,  examination  showed  pronounced 
surface  steps  and  striations  on  many  of  the  erystais.  A  number  of  specimens 
v/ith  little  or  no  surface  structure  were  selected  and  fitted  with 
evaporated  gold  electrodes  of  1-*2r:im  area  on  opposite  sides  of  the  crystal 
plate.  Thin  connecting  wires  were  attached  v/ith  silver  paste.  The  specimen 
v/as  mounted  in  a  vacuum  chamber  designed  for  temperature  measurements* 
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carried  out  by  Dr.  In,  Lhrenberg  of  University  College,  London. 


3*  Experimental  Procedure  and  Results. 

Figure  6  shews  a  typical  photograph  of  the  oscilloscope  trace  when 
generated  electrons  are  drawn  across  a  raonoolinlc  crystal  in  an  applied 
field  of  4.5  X  IcA  v  or."1  at  room  temperature.  40  kev  excitation  pulseB 
of  8  nseo  duration  have  beefc  used.  The  average  depth  of  the  excited 
volume  below  the  top  electrode  (about  5p  )  is  therefore  small  oonpnred  to 
the  speoimen  thickness.  The  linear  edgo  of  the  pulse  implies  a  uniform 
drift  velooity  of  the  carriers  indicating  that  a)  the  internal  field  is 
uniform,  and  b)  the  number  of  electrons  per  pulso  leaving  the  recombination 
region  near  the  top  oleotrode  remains  constant  during  transit.  The  sharp 
levelling  off  of  the  traoe  marks  the  arrival  of  the  gonerated  eleotrons  at 
the  bottom  eleotrode  and  defines  a  transit  time  t^,  in  this  case  60  .nseo. 
The  pulse  height  corresponds  to  the  transit  of  less  then  IcA  carriers  produoea 
at  t  a  0  by  the  incident  pulse  of  2,5  X  IcA  eleotrons  (not  resolved  in  figure 
6). 


The  experimental  procedure  consisted  in  measuring  tt  as  a  function 

of  the  applied  field  E  which  ranged  from  about  5  X  IcA  to  7  X  icA  v  cm-1. 

be 

The  graph  of  1/t^.  against  E  was  found  to '.linear  cocoopt  for  a  small  range 
of  values  at  low  applied  fields.  As  explained  previously^ ^  this  is  most 
likely  due  to  space  charge  build-up  in  thd  surface  rogion,  A  value  for 
the  mobility  p  =  d/Et^  where  d  donotOB  the  specimen  thicknoss,  was 
obtained  form  the  gradient  of  the  graph. 

The  twelve  specimens  investigated  wore  selooted  partly  from  a  number 


of  batohes  grown  in  this  laboratory  and  partly  from  crystals  supplied  by 


Dr,  Prosser  of  Prague  University,  They  all  showed  the  sane  general 

behaviour.  At  room  temperaturo  the  eleotron  mobilities  wore  found  to 
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lie  between  1,7  and  2,3  era  sec  v  ,  On  a  given  Bpooiaen  the  values  of 
Y/oro  reproducible  to  within  a  few  per  oont;  the  main  error  in  /'  arose 
from  the  difficulty  of  measuring  the  thickness  of  the  fragile  crystals 
(tho  method  desoribed  in  Part  A,  section  6,  had  not  then  been  developed) 
to  a  comparable  acouraoy.  In  the  follov/ing  the  mobilities  have  thorofore 
been  normalised  to  tho  value  p  r  at  room  temperature  1^,  to  faoilitato 
tho  correlation  of  results  from  different  specimens, 

The  experimental  points  in  figure  7  show  the  temporaturo  dependence 
of  p /pr  for  threo  specimens  typtonl  of  the  crystals  investigated. 

The  continuous  linos  were  calculated  from  oquation  (3)  of  section  4. 

Above  0°C  tho  mobility  of  all  tho  speoimons  vras  proportioned  to  T-"^ 
which  would  be  expected  in  a  non-polar  crystal  from  the  interaction  of 
tho  generated  electrons  with  tho  lattice  vibrations^ As  the  temperature 
is  lewored,  however,  ]■•'/)  gccs  through  a  maximum  and  then  decreases 
sharply.  In  figure  8  the  some  experimental  data  have  been  plotted  on 
a  soni-logarithmio  graph  against  loV'l'.  It  shows  fairly  oonvir.aingly 

that  with  decreasing  temperature  the  mobility-temperature  dependence  goes 
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over  into  a  relation  of  the  form  |Jf/'  C\  with  t-  =  0.25cv,  It 

[ 

is  of  interest  to  compare  these  results  with  the  electron  lability  in  the 
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vitreous  form  ’  ,  As  can  be  aeon  from  figure  3  this  shews  an  exponential 

dependence  throughout  tho  temperature  range  which  is  associated  with 
practically  tho  some  value  of  fa  , 


At  temperatures  in  tho  region  of  tho  mobility  m-ximum  and  below  it 
is  obsorvod  that  tho  levelling  off  of  tho  pulse  becomes  less  sharp  than 
is  shown  in  figure  6,  The  initial  part  of  the  pulse,  however,  retains 
its  linearity  and  tho  more  gradual  rounding  off  affects  at  most  the  final 
30$t  of  the  pulse  length.  It  appears,  therefore,  that  tho  generatod 
electron  cloud  spreads  out  during  transit  .  As  diffusion  is  an  unlikely 
explanation  this  straggling  in  the  arrived  times  is  almost  certainly 
connected  with  trapping  in  a  level  of  centres  with  release  times  which 
arc  short,  but  not  negligibly  sc,  in  comparison  with  t^.  The  mechanism 
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of  trap  controlled  charge  transport  will  156  discussed  further  in  section  4. 
In  presence  of  the  straggling  of  transit  times  it  appeared  reasonable  to 
use  an  average  value  of  t^  defined  by  the  point  of  intersection  of  the 
linear  portion  with  the  final  horizontal  level. 

The  charge  gain,  i.e,  the  number  of  electrons  drawn  out  of  the  surface 
region  per  incident  electron,  has  been  determined  for  a  number  of  apeoimens 
at  E  =  3  X  icA  v  cm  and  is  found  to  be  about  40,  It  is  about  i  of  that 
observed  for  vitreous  speoimens  under  identical  conditions, 

When  the  field  across  the  specimen  is  reversed  a  positive  signal  ia 
observed  corresponding  to  tho  drift  of  generated  holes.  This  has  been 


investigated  for  a  number  of  specimens  with  the  following  results : 

a)  At  room  temperature  and  below  there  exists  a  marked  difference  in  the 

height  of  the  electron  and  hole  signals.  For  example,  at  room  tei. pomture 
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and  E  •"  -'10  v  cm  the  positive  signal  is  only  1/5  of  the  electron 
amplitude  and  increases  to  about  y  at  maximum  E,  This  fact,  together 
Y/ith  the  observed  pulse  shape,  indicates  that  deep  trapping  occurs  during 
transit.  Above  50  C,  however,  the  ratio  of  the  amplitudes  approaches  unity 
at  the  higher  fields  and  the  pulse  possesses  a  linear  edgo  as  in  tho  case 


of  electrons.  Transit  time  measurements  could  be  carried  out  in  this 
temperature  range, 

b)  The  measured  hole  mobility  increases  with  T  up  to  the  highest  temperatures 


used.  At  105  C  |  =  1,3  cm2  v  Aec  1 ;  it  is  then  nearly  equal  to  tho 
lattice  controlled  electron  mobility  at  that  temperature,  because  of  the 
limited  temperature  range  that  could  be  investigated,  these  results  arc 
less  conclusive  than  those  for  the  electron  mobility.  Above’ 50°C  the 
experimental  values  could  be  fitted  approximately  to  a  relation  of  the 
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form  nT  e  with  **0.3  ev. 


4.  Discussion. 

The  rapid  decrease  of  the  electron  mobility  show:.,  in  figure  7  is  of 
interest  because  it  suggests  a  change  in  the  mechanism  of  charge  transport, 
normally  the  decrease  in  carrier  mobility  at  low  temperatures  is  connected 
vd.th  the  transition  from  lattice  to  impurity  scattering'^'’ .  The  latter 
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varies  approximately  as  and  leads  to  a  far  shallower  mobility  maximum. 

Intpurity  scattering  can  obviously  not  explain  the  rapid  decrease  of  IJ 

within  a  c'o®F'"*E'tivaly  Bmall  temperature  range.  The  experimental 

temperature  dependence  at  lower  T  suggests  that  the  observations  are 

connected  with  the  transition  from  a  mobility  determined  by  lattice 

scattering  to  one  controlled  by  a  fairly  narrow  level  of  states  of  density  N^, 

€  ev  below  the  oonduotion  band.  With  decreasing  temperature  the  mean 

« 

free  path  between  lattice  scattering  inoroases,  and  in  the  region  of  the 

■t  j... - .• -  1- ~  '  ■  nnmomvi n  rn  +v,  fhn+  hf'+v'Of'ri  t.r-'ir-'inir  events. 

This  transition  may  be  formulated  in  the  following  simple  way  if  it  in 
assumed  that  the  effootive  drift  velocity  of  the  electron  cloud  is  smell 
enough  to  allow  a  description  in  terms  of  the  equilibrium  distribution 
between  free  and  trappod  carriers. 

The  measured  mobility  is  given  by 


f  (t,  +  !tt)£  « 

where  tQ  denotes  the  transit  time  in  absonce  of  trapping}  this  is 
determined  by  the  lattice  mobility  J^=  d/Eta>  ^£>  |tho  average  time 
an  electron  remains  in  the  level  at  £.  is  obtained  by  equating  the  rate 
of  thermal  roleaso  with  the  rate  of  trapping.  This  loads  to  -  X  i 

where  nt  (<Jl,Nt)  denotes  the  density  of  trapped  electrons  and  %  the  free 
electron  lifetime.  As  the  average  number  of  trapping  events  during  transit 
time  is  ^  ^  f  ^  =r  ^  t ^  ^  If  the  Fermi  level  lies 

below  C  by  more  than  a  few  kT, 


5‘ t  -  Ni-t/A1, 

N,  <*>  }fz 

The  effective  density  of  states  is  2. -5  *  10  (t/Tv  f*  (>*%  )  . 

Equation  (l)  and  (2)  together  vdth  M?’  "(r/r')  then  lead  to 

y/t'r  ~  p 'V(mA»/  ...  (3) 


Using  the  value  6=  0,25  cv  obtained  from  figure  8, 


can  bo  found  from  the  position  of  the  mobility  maximum  .in  figure  7. 
For  specimens  1ft.  and  M5,  b’t  =  3.5  X  m  ;  'J'2  c,!r3j  for  utl2 


it  is  4  X  10^  ( i'i  \  y  wi  )^2  =a-3.  Other  specimens  load  to  values 
within  this  range.  It  oan  be  seen  from  figure  ?  that  with  these  constants 
equation  (3)  leads  to  a  satisfactory  agreement  with  experiment  over  the 
complete  temperature  range, 

Mose^3'*  has  applied  the  defoliation  potential  theory ^  ^  to  obtain 
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an  estimate  of  the  lattice  mobility  in  Se,  He  flndB  jj  (  w*.  /^\.  J  <__■  \  2,, 

at  room  temperature  which  loads  to  ~  '-'l  ,  in  reasonable  agreement 

(15) 

with  the  value  2,5m  obtained  from  the  Faraday  effect;  '  This  may  well  ho 
fortuitous  in  view  of  the  uncertainty  of  the  data  used  for  the  estimate  of 

-J 

tho  deformation  potential.  With  tho  above  value  of  in--..  ,  the  speoimons 
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load  to  an  average  value  of  10  cm  for  N^. 

At  a  low  temperature  in  the  trap  controlled  range  (o.g.  -  80°C, 
specimen  M5)  a  transit  time  of  about  300  n see  is  observed  at  a  normal 
value  of  E.  From  the  extent  of  tho  straggling  of  transit  times  (/v  90 '*vsqo)  , 
night  be  estimated  os  30  n  sec,  %  which  is  given  by  ( I  -/ U ...V.  Would 
then  be  about  3.  nsec.  !,ith  =  lO^cm-3  this  loads  to  a  capturo  cross 
section  of  the  order  of  i513  cm2.  One  would  expect  such  a  comparatively 

high  value  to  be  associated  with  charged  centres  which  exert  i.  Coulomb 
attraction  on  the  free  electrons. 

It  is  not  possible  at  present  to  docide  whether  the  oer.tros  arise 
from  impuritios  or  from  structural  defects.  The  close  agreement  in  the 
value  of  fc.  for  monoclinic  and  vitreous  Se  suggests  that  tho  typo  of 
oentro  controlling  tho  electron  mobility  is  common  to  both  forms.  A 

comparison  of  the  measured  mobility  values  indicates  that  V't  should  be 
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about  10  om  in  the  vitreous  form.  With  a  density  of  tills  order  the 
transition  to  a  lattice  mobility  would  be  expected  only  at  temperatures 
well  above  the  melting  point. 

It  has  been  pointed  out  that  the  investigation  of  tho  hole  mobility 
was  complicated  by  the  presence  of  deeper  trapping  effects;  an 
interpretation  of  the  results  in  terms  of  a  single  level  at  0,3ov 

is  therefore  doubtful.  As  would  be  expected  there  appeal's  to  be  no 
connection  botweon  the  hole  mobility  in  the  monoclinic  and  the  vitreous 
(or  hexagonal)  forms.  In  tho  latter  c  =  0.14  ev,  a  value  which  is 
characteristic  of  the  hole  transport  along  a  Se  chain. 
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Part  0.  Carrier  Motility  oas  Crvutnia- 


1 ,  Introduction.  , 

In  view  of  the  considerable  interest  shown  in  recent  years  in  the  properties 
of  CdS  it  is  surprising  to  find  that  comparatively  little  systematic  work 
on  the  more  fundamental  aspects  of  the  charge  transport  in  -these  crystals 
is  available,  Kroger  ot  alv  '  have  studied  the  Hall  Mobility  of  electrons 
between  2Q°X  and  700°K  by  combining  measurements  made  on  pure  and  doped 
crystals.  They  concluded  that  in  the  range  between  100°K  and  700°K  the 
temperature  dependence  of  mobility  is  predominantly  determined  by  lattice 
scattering.  The  results  were  interpreted  in  terms  cf  the  oombined  effeots 
of  a)  non-polar  scattering  by  acoustic  modes,  p<->  -  b  1 

and  b)  polar  scattering  by  longitudinal  optical  modes.  A  reasonable  fit 
to  the  experimental  data  above  about  200°K  could  be  obtained  using  values 
of  the  Debye  temperature  between  250  and  300°K,  of  'b'  between  3,1  X  10^ 
and  7.6  X  10  cm  degree^'  volt  sec.,  and  effective  mass  ratios  between 
0.2  and  0,27. 

On  the  other  hand  the  results  of  Hall  Mobility  measurements  obtained 
more  recently  by  Piper  and  Halstead^ ^  appear  to  be  significantly  different 
from  the  previous  work.  The  temperature  dependence  of  jj  has  been 
interpreted  here  in  terms  of  the  polar  interaction  with  the  optical  modes 
alone  using  a  value  of  A40°K  for  the  Debye  temperature  which  is  more  in 
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agreement  with  independent  measurements'-  ' .  However,  the  fit  of  the 
theoretical  curve  in  the  higher  temperature  range,  above  300°K,  is 
unsatisfactory. 

In  view  of  these  discrepancies  it  is  of  considerable  interest  to  investigate 
the  electron  mobility  in  CdS  by  a  different  and  more  direct  method  than  that 
based  on  a  combination  of  nail  effect  and  conductivity  measurements. 


2,  Electron  Mobility  Measurements, 

The  preliminary  experiments,  briefly  described  in  E.T.R. 1 . ,  showed 
clearly  that  the  study  of  charge  transport  in  CdS  using  fast  pulse  methods 
is  complicated  by  secondary  effects  such  as  the  injection  of  excess  carriers 
from  the  electrodes.  It  was  apparent  that  the  choice  of  a  suitable 
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elcotro&e  material  ms  far  mere  oritioal  them  with  the  other  oryst&ls 
previously  Investigated.  In  an  attempt  to  solve  this  problem  a  aeries  of 
initial  experiments  on  the  transient  behaviour  of  several  electrodes  on 
CdS  has  boon  oarried  out. 

A  number  of  'pure'  (i,e,  undopod)  crystal  plates  (kindly  supplied  by 
Dr,  J,  Pranks  of  A.E.I,  Harlow)  were  fitted  on  both  sides  with  evaporatod 
In,  To  and  Au  electrodes.  Crystal  thicknesses  ranged  between  50  and  250  p  , 

In  addition  specimens  with  a  blocking  top  oleotrode  and  an  In  bottom  elootrode 
(donoted  by  B.E.  -  In' were  prdarodj  the  blocking  electrode  oonsistod  of  a 
thin  piece  of  cleaved  mica  (■'*'2  f-  thick)  carrying  an  ovaporated  Au  elootrode. 

The  unooated  aide  was  gently  pressed  against  the  oryatal  surface. 

The  response  to  fast  excitation  pulses  (5-iOO  nsec)  using  4  msec  field 
pulses  as  described  in  .Part  A,  may  be  summarised  as  follows 

In  olootrodos;  No  response  to  the  fast  pulses.  Strong  injection 
seems  to  obscure  the  transit  of  volume  generated  carriers. 

To  electrodes;  14  fast  component,  followed  by  a  slower  charge  displacement 
which  lasts  for  about  ^  p'aoc.  The  rise  of  the  fast  component  did  not  appear 
to  be  directly  connected  with  the  transit  of  electrons  across  the  specimen. 

Au  electrodes;  Ho  detectable  response.  Evaporated  Au  electrodes 
appear  to  be  blocking,  although  after  heating  the  crystal  to  about  300°C 
they  become  permanently  injecting.  is  possible  that  vrith  blocking  olootrodos 

on  both  sides  of  the  crystal  a  strong  positive  space  charge  will  develop 
in  the  excited  volume  near  the  top  electrode  which  would  tend  to  annul  the 
applied  field  throughout  most  of  the  specimen. 

P,E.  -  In  (B.E,  negative):  V/cll  defined  transit  of  generated  electrons 
is  observed  using  5  nsec  excitation  pulses. 

Au  -  In  (Au  negative) :  The  above  results  suggest  the  use  of  an  Au 
elootrode  instead  of  the  mica  biocA^.g  electrode;  this  was  tried  and  again 
a  well  defined  electron  transit  was  observed. 

To  summarise,  the  following  experimental  conditions  appear  to  be 
essential  for  the  study  of  drift  mobility  in  CdS: 

a)  free  carrier’s  must  be  generated  near  a  blocking  electrode 

b)  the  opposite  electrode  must  be  injecting 

c)  the  applied  field  must  be  pulsed;  no  signal  is  observed  v/ith  a  steady 
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field, 


£4 

The  conditions  seem  to  ensuro  that  whan  the  field  is  switched  off  the 
remalningpositive  spaoe  charge  is  n out rails  d  by  Injection  through  tho 
In  electrode  before  the  arrival  of  the  next  oxoitatlon  pulse. 

A  number  of  room  temperature  measurements  of  the  electron  mobility  have 
been  oarried  out  on  different  crystals  using  both  B.E.-In  and  Au-in  eleotrodes. 
Figure  9  shows  a  typical  graph  of  l/t^  vs.  applied  voltage  which  allows 
the  correlation  of  a  number  of  transit  time  measurements  over  a  range  of 
values  of  V,  The  reproducability  of  the  points  for  a  given  specimen  is 

goodj  the  mobility  values  obtained  for  several  different  crystals  lie 
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between  240  and  290  Cm  V  seo  with  a  mean  value  of  280  cm  V  sec  , 

(17) 

This  is  in  good  agreement  with  the  Hall  mobility  value  of  Piper  and  Halstead;  ' 

It  compares  equally  well  with  the  result  of  a  new  experiment  recently  carried 

(21}  2  -1  -1 
out  by  Hutson  ot  al  '  in  which  a  drift  mobility  of  285  cm  V  seo  has 

been  deduced  from  the  interaction  of  the  drifting  electron  with  an  acoustic 

wave  propagated  through  the  crystal.  The  lower  values  of  |J  quoted 

proviously  in  Q.T.S.R,  No. 6.  (Augu<|st  1961)  were  due  to  the  inaccurate 

measurement  of  local  thickness.  Re-measuring  these  crystals  with  the 

optical  lever  device  led  to  values  within  the  above  range. 

So  far  a  temperature  run  in  the  somewhat  limited  range  from  100°K  to 
500°K  has  been  carried  out  on  one  specimen.  Tho  results,  which  however 
require  further  confirmation,  pyo  shown  in  figure  10,  Above  room 
temperature,  tho  mobility  decreases  rapidly  as  a  result  of  increasing  lattice 
scattering.  At  about  230°K  the  drift  mobility,  normalised  in  figure  10 
to  the  room  temperature  values,  goes  through  a  maximum  and  then  decreases 
exponentially.  On  the  assumption  that  the  mode],  of  a  trap  controlled 
mobility  usod  in  Part  B  is  applicable  in  this  case,  the  values  of 
E  -'0,018  ev  and  N^  3  X  10^  cm-^  have  been  derived.  It  is  possible 
that  thi3  level  may  be  identified  with  the  donar  states  found  by  both 
Kroger  et  al^^  and  Piper  and  Halstead^  ^ At  infinite  dilution  tho  latter 
estimate  a  donar  binding  energy  of  0,032  cv.  However,  from  their 
published  curves  of  log  R^j  us.  10"V^  it  appears  that  the  binding  energy 
is  about  0,015  ev  for  a  donar  concentration  of  2  X  lO1^  cm”^  which  lends 
some  support  to  tho  above  interpretation. 


dependence 

Figure  10  also  shows  the  temperature  of  the  Hall  mobility  as  determined 

17 

by  Piper  and  Halstead  for  a  donor  concentration  of  6  X  10  om  .  This 
is  appreciably  different,  which  would  be  expected  if  the  above  interpretation 
were  correct.  For  a  closer  understanding  of  the  mechanisms  involved 
it  would  be  of  considerable  interest  to  measure  both  drift  and  Hall  mobility 
on  the  same  specimen  over  a  wider  range  of  temperatures.  A  specimen  holder 

suitable  for  the  study  of  the  electron-bombardment  induced  Hall  effect  is 
being  constructed  at  present.  In  addition  the  measurements  will  be  extended 
into  the  liquid  hydrogen  range. 


3,  Hole  Mobility. 

The  question  as  to  what  extent  holes  are  mobile  in  OdS  has  been  a 

(19) 

controversial  one  for  some  years.  Van  Hcorden  '  studied  the  primary 
photocurrent  in  GdS  crystals  under  al -particle  bobmardmont  and  found  that 
his  results  were  consistent  with  the  presence  of  a  primary  hole  current. 

However,  the  results  suggested  that  the  life  time  of  holes  in  these  crystals 

-11 

was  extremely  short,  10  sec  cr  less. 

In  an  investigation  of  the  luminescence  in  CdS,  Smith  observed  in  a 
few  crystals  a  green  electroluminescence  throughout  the  volume  at  fields 
as  low  as  1000  V/cm.  The  maximum  spectral  response  coincided  with  the 
absorption  edge  and  therefore  appeared  to  be  due  to  the  recombination 
of  free  electrons  and  holes.  Smith  concluded  that  for  these  electro¬ 
luminescent  crystals  the  hole  life  time  may  bo  as  long  as  10-^  sec. 

Under  these  conditions  hole  transits  should  easily  be  observable  ’.with  our 
apparatus,  Wc  are  indebted  to  Dr.  R.W.  Smith  of  the  R.C./.,  laboratories 
Princeton,  N,J.  for  supplying  us  with  a  number  of  these  crystals, 

Preliminar'-  measurements  on  two  specimens  showed  indeed  a  well 
defined  hole  transit.  The  experiments  are  complicated  by  the  small  size 
of  the  crystals,  in  accordance  with  the  general  conclusions  of  section  2, 
the  crystals  were  fitted  with  an  In  top  electrode,  assumed  to  be  blocking 

for  holes,  and  a  Au  bottom  electrode.  At  room  temperature  the  hole 

2  -1  -1 

mobilities  for  the  two  crystals  were  about  0,2  cm  V  sec  . 


Experiments  on  the  temperature  dependence  of  the  hole  motility  are 
teing  carried  out  at  present.  The  first  few  runs  at  temperatures 
above  room  temperature  show  that  steadily  decreases  with  increasing  T 

and  that  j  -1 ,•  1  ^  very  nearly.  It  appears  therefore  that  non¬ 

polar  scattering  predominates  in  this  temperature  range,  but  more  results 
are  neoessary  before  any  definite  conclusions  can  be  drawn. 
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